Abstract
minimization routine. In this paper we suggest a slightly different procedure for measuring the 48 lattice parameters for such distorted systems using high resolution x-ray diffraction (HRXRD). 49 We first show that the anisotropic strain results in an orthorhombic distortion of the unit cell, 50 and derive a general expression for the interplanar distance d hkl in such structures. Using the 51 interplanar distances determined from multiple symmetric and skew-symmetric reflections, we 52 obtain the lattice parameters via a standard least-square error minimization routine that is eas-53 ily implemented in standard mathematical software packages using a matrix formulation. We 54 also derive an approximate expression for the ternary alloy composition of Al x Ga 1−x N epilayers, 55 where the Al content x solid is obtained solving the stress-strain tensor taking into account the 56 anisotropic strain. The procedure is illustrated using measurements on a-plane AlGaN epilayers 57 grown on AlN buffer layers on r-plane sapphire substrates. We also show that the procedure is 58 applicable for m-plane nitrides as well. 
Experiment

60
The AlGaN epilayers were grown via metal organic vapour phase epitaxy (MOVPE) in 61 a 3 × 2 closed-coupled showerhead reactor. Trimethylgallium (TMGa), trimethylaluminium 62 (TMAl), and ammonia (NH 3 ) are used as precursors and Pd-diffused hydrogen (H 2 ) as carrier 63 gas. About 0.8µm thick AlGaN epilayers were grown on AlN buffer layer. The details of 64 the growth procedure can be found in Ref. [10] . The lattice parameters measurement were 65 carried out by using a Philips X'PERT T M high resolution X-ray diffractometer with a symmetric cannot be used for the distorted structure shown in Fig.1 For the most general unit cell i.e. a triclinic structure, (Lattice sides a = b = c and angles 92 α = β = γ) the inter-planar lattice distance can be described by [12]
For a hexagonal lattice with orthorhombic distortion, we can put α = β = 90 o and a = b,
94
and thus obtain a simplified form
The above expression for d hkl is similar to that for an undistorted hexagonal structure, with 96 additional terms cos(γ) and sin(γ) which take into accounts the distortion of the basal plane. by careful optimization of the Eulerian cradle as discussed in [13] . To check the consistency in our measurements we repeated the measurement of the 2θ value for the (1120) can be estimated. But to improve the accuracy of measurement it is better to measure multiple 138 reflections and minimize the error using a least square method.
139
Here we can write γ = 120 o − δ. If |δ| is small (≤ 1 o ), we can write sin(γ) = sin(120
. Substituting back to the eq(1),
141
we can write an approximate expression:
Here we have neglected the higher order δ 2 -term. By rearranging it, we can write the 143 expression in the form of 3 linear variables:
Assuming x 1 = 1/a 2 , x 2 = δ/a 2 and x 3 = 1/c 2 we can express Eqn.(2) in a linear form
145
with variables x 1 , x 2 and x 3 . Now for a set of n reflecting planes say, (
....(h n , k n , l n ); we will get n-equations which can be expressed in a matrix form Ap=D, where reflections as shown in Table 3 and then calculated the matrix A and D.
156 Table 4 . As in the case of a-plane nitrides, an appropriate choice of coordinate axes can result in 169 a simpler form of d hkl . The first choice (Fig.3b) , the inter-planar lattice distance involves four 170 independent lattice variables a, b, c, and γ, whereas in the second choice (Fig. 3c) , the symmetry 171 in the distorted basal plane allows one to use a=b and reduces one parameter resulting in a 172 simpler expression for d hkl which is exactly identical to Eq(1). Also the distortion in the unit 173 cell can be verified using a similar procedure by measuring if the inter-planar spacings follow 174 d1 100 ≤ d1 010 =d 0110 .
175
This then allows the least square method as mentioned above for a-plane system to be used 176 to estimate the lattice parameters for m-plane nitrides. 
Estimation of Al content
178
For completely relaxed Al x Ga 1−x N films the solid phase Al content (x solid ) can be estimated by measuring either the a or c lattice parameter, subject to the validity of Vegard's law
Rewriting the above equations
Ideally, the x value calculated by using either the a-or c-lattice parameters should be the 
where C ij are the stiffness constants. We briefly review the well known case of c-plane oriented epilayers [5] , where the in-plane strain is isotropic which deforms the unit cell, but maintains the hexagonal symmetry. So the strain values are
Where γ = 2C 13 /C 33 . Substituting the expression for a 0 and c 0 and for small strain values,
200
x solid can be expressed in terms of lattice parameters as 
Assuming small strain and small distortion (|δ| ≤ 1 0 ), this we obtain
where the additional subscripts 'G' and 'A' stand for GaN and AlN respectively, and should be valuable to researchers working on a wide range of non-polar III-nitride epilayers.
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